The long-term success of arterial bypass surgery is often limited by the progression of intimal hyperplasia at the anastomosis between the graft and the native artery. The experimental models were manufactured from glass tubing with a constant internal diameter of 8 mm, fashioned into a straight configuration and helical configuration. The aim of this study was to determine the three-dimensional flow structures in the proximal anastomosis under pulsatile flow conditions and to establish the significant differences between the straight and helical graft. In the anastomosis domain, a stable region of recirculation is observed near the occluded end of the artery, which forces the flow to move into the perfused host coronary artery. A comparison between experimentally measured velocity patterns in straight and helical grafts confirms the robust nature of the secondary flows in the helical geometry. The helical configuration promotes the mixing effect of vortex motion such that the particles are mixed into the blood stream in the junction area.
INTRODUCTION
Many factors such as compliance mismatch, effects of sutures, and the hemodynamic environment may contribute to the initiation and progression of intimal hyperplasia (IH) [1] . It has been widely reported that end-to-side vascular bypass grafts fail at the distal anastomosis [2] [3] [4] .
Studies have also shown that disturbed blood flow patterns can affect the wall shear stress magnitudes and gradients, which in turn may lead to atherosclerosis and IH [5] [6] [7] [8] . Disturbed flow patterns are initiated by a change in the geometry of the vessel through which the blood flows [9, 10] . On the other hand, regions with low flow, that is, stagnation or recirculation, were also identified as the site of thrombotic depositions [11, 12] .
Compared with traditional planar grafts, the non-planar graft configurations improve hemodynamic environments including not only promoted flow mixing and reduced stagnation flow regions, but also increased host artery vessels injury [13] [14] [15] . Caro et al. [16] carried out animal research on small amplitude helical technology (SMAHT) conduits and numerically simulated the steady flow in a four-turn helical graft. Morbiducci et al. [17] investigated the existence of a relationship between helical structure and vascular wall indices of atherogenesis in aorto-coronary bypass models. Zheng et al. numerically simulated both the steady flows and unsteady flows in helical grafts [18, 19] . Preliminary studies [20] [21] [22] [23] suggested that the helical-type flow appeared promising in preventing IH and thrombosis but increased the pressure drop compared with a conventional graft [22] .
The aim of this study was to determine the three-dimensional flow structures that occur at the distal anastomosis under pulsatile flow conditions and to establish the significant differences between the straight and helical graft.
The objectives of this study were:
• To locate the flow features in the helical graft model under pulsatile flow conditions.
• To estimate the likely physical effects of the flow on the anastomosis walls of the helical graft.
METHODS
Flow structures were determined predominantly in the 60° graft model, in planes parallel and perpendicular to the symmetry plane of the anastomosis (Fig. 1) .
The experimental model of the graft-to-artery anastomosis is presented in Fig. 1 . The proximal portion of the host artery (see Fig. 1 ) was occluded 3 cm proximal to the heel. The inlet section was sufficiently long (10 diameters) to ensure fully developed flow entering the test section. The helical graft model and the straight model have the same cross-sectional area. The helical model have the helix pitch (2D), amplitude (0.4D) and helix turn (2 turns).
Unsteady flow in the model was obtained using a computer-controlled pump at a variety of flow rates, leading to Reynolds numbers of 400 to 1000. Both in the experimental setup and in numerical simulations, the unsteady flow model was used (Figs 2 and 3 ). 
Experimental setup
The experimental models are fashioned using glass tubing with a constant internal diameter of 8 mm, in a straight configuration and helical configuration with an approximately 8 cm straight segment proximally and 11 cm distally (Fig. 1) . The flow system consisted of a constant storage head tank; test section; floating ball flowmeter; collecting tank; and variable speed centrifugal pump (Fig. 4) . Both numerical simulations and experimental investigations have been carried out over a range of Reynolds numbers (based on the centerline temporally averaged streamwise velocity and the bypass radius) from 400 to 1000 (Fig. 5 ). The maximum Reynolds number during the cycle was about 1029.
Numerical techniques
The authors have used simplified geometry ( Fig. 3) for the by-pass graft model with graft angles of 60° for analysis of the flow around the graft junction, and across the bed of the host tube. The internal diameter D of the graft was taken to be 8 mm with a graft-tube diameter ratio of 1:1 (Fig. 3) . The unsteady, incompressible, three-dimensional Navier-Stokes equations were solved in Cartesian coordinates using a finite-volume-based code. Newtonian fluid behavior and rigid walls were assumed.
During the numerical simulations, the following boundary conditions must be specified, at the inlet: for the axial velocity component, a uniform inflow velocity profile and a zero transverse velocity component are used; at the outlet: the outlet pressure was defined to be 0 Pa. The fluid is incompressible having dynamic viscosity (μ) of 0.00408 Pa s and a density (ρ) of 1050 kg/m 3 . The bypass walls are considered rigid and impermeable.
The k-ω turbulent model used in the present simulation are capable of predicting low Reynolds number transitional flows inside the stenosed coronary artery. For blood flow numerical simulation, commercial CFD FLUENT 6.3 package was used [24] . The TECPLOT (Tecplot, Inc., Bellevue, WA, USA) software (Version 10.0) was used for analysis and quantification of the flow patterns. waveform is used in an experimental study for velocity input signal.
3 RESULTS The present study is motivated to understand the dynamics of flows downstream of the anastomosis section. In healthy vessels, we have a laminar flow, but in the bifurcating vessel we can have disturbed flow, leading to transition or turbulence [25] .
Two model studies were undertaken to increase the understanding of the flow in a straight graft model, one involving computational fluid dynamics (CFD) and the other flow visualization. In both studies, the geometry and time-average flow were similar.
Figures 6 and 7 shows the flow structure in the 60° distal anastomosis under pulsatile flow conditions corresponding to the first peak of the velocity waveform (time T1 in Fig. 5 ) for the experimental setup and the numerical simulations. Note the presence of two vortices in the occluded part of the bypass graft and high helical flow in the distal artery is observed in both models. The secondary vortex (V1) is the larger vortex closest to the anastomosis rotated clockwise (as viewed in the Figs 6 and 7) . In the anastomosis domain, a stable region of recirculation is observed near the occluded end of the artery. This vortex forces the flow to move into the perfused host coronary (distal) artery as indicated in Figs 6 and 7.
Just downstream of the toe, at the axial position of X = 0.15 m, the axial velocity profile was skewed toward the far wall, inducing flow separation along the near wall (Figs 6 and 7) . The trace at X = 0.15 m clearly displayed the presence of secondary flow. In this region, low inertia fluid is swirling circumferentially around the vessel towards the near wall and the. The high inertia fluid from the core area is being forced toward the far wall. Figures 6 and 7 present a good agreement between velocity patterns obtained experimentally and numerically for straight type graft. On the symmetry plane of the straight graft model, the experimental data show evidence of flow asymmetry. Figures 8 and 9 show the flow structure in anastomotic region for time T1 and T3 associated with the 60° straight graft model. In both investigated time steps, we clearly identified (cardiac cycle presented in Fig. 5 ). S1 and S2 were the cross-sectional position flow field investigated. Figure 9 : Particles pathline in the 60° graft angle geometry corresponding to the time T3 -peak flow (cardiac cycle presented in Fig. 5 ). S1 and S2 were the cross-sectional position flow field investigated.
the presence of secondary flow in occluded region of the graft and a complex flow structure in the distal part of the junction. Figures 11 and 12 show the path line for the longitudinal section through the bypass junction for anastomotic angles of 60° for both bypass graft models. The highly transient character of the disturbed pulsatile flowfields became most apparent during each cycle. (Fig. 5) . Figures 13 and 14 correspond to time delays of 240 and 670 ms, respectively, relative to the start of the sinusoidal flow waveform, as shown in Fig. 5 . Figure 13 shows the flow pattern obtained during the first peak in the pulsatile cycle (time T1) and shows axial pathlines in the graft and one vortex in the occluded arterial section. Figures 13 and 14 show that the flow structure in the graft was dominated by secondary flow patterns. 5 ).
In the occluded arterial section, the primary vortex became unstable and split into two separate smaller vortices; the most distal vortex rotated clockwise, whereas the smaller vortex, opposite the junction, rotated anti-clockwise. Secondary flow components can be seen at the toe of the graft.
In Figs 13 and 14 , the proximal vortices can also be observed at the heel of the graft and illustrate the greater exchange of fluid that occurred between the occluded arterial section and the graft. Note again the significant secondary flow structures in the graft that increase the contact between blood and the graft surface.
DISCUSSION
The objective of this study was to investigate hemodynamics and wall mechanics in the distal end-to-side anastomoses to quantify the flow velocity profiles at each investigated graft models.
Arterial geometry is commonly three-dimensional [25] , and the properties of inertial dominated flows in such geometries include swirling, in-plane mixing, a relatively uniform distribution of wall shear, and inhibition of flow stagnation, separation and instability [26, 27] . As the flow began to decelerate, the secondary flow components became more pronounced, particularly at the toe of the graft (Fig. 9 , helical type graft). The primary vortex was also larger and moved downstream into the distal artery.
In this study, mixing is only regarded as stirring flow. Fluid particles are mixed and make broad paths due to the combined effects of axial velocity and axial vorticity. In helical graft model, due to the disturbances in anastomoses vicinity and in the distal part of the host artery complete mixing of the dye occurred without the formation of parabolic curves or resumption of laminar flow (Figs 11-14) .
Based on experimental data and numerical results, the following features of the velocity field can be identified:
• A core of high-momentum fluid enters the junction from the graft tube and travels towards a stagnation point on the bed of the host tube. In the neighborhood of this stagnation point, the flow splits into forward and retrograde components having large near-wall velocities (Fig. 8 ).
• The proximal portion of the host artery shows weak counter-rotating vortices on the symmetry plane for both models (Figs 8 and 9 ).
• Active secondary flows are present in the downstream section of the host tube (Figs 8-10 ).
The magnitude of the secondary flows increases with increasing Reynolds number within the host tube (Figs 8-10 ).
• During the accelerating part of the second velocity peak (Fig. 2) , two distinct zones of retrograde flow exist: a first region immediately distal to the toe, and a second area further downstream (Fig. 7) .
In the helical graft model, the velocity enhanced near the vessel wall. We believe that the enhanced blood velocity near the vessel wall can impede the staying and adherence of platelets and leukocytes to the surface of the graft, reducing the possibility of thrombosis formation.
CONCLUSIONS
For a 60° anastomotic junction, we have clearly demonstrated the complex nature of the flow pattern. To determine the relationship between hemodynamic factors and IH, we feel that additional studies should be conducted to assess the influence of the angle of the anastomosis, elasticity, and other factors.
Two model studies were undertaken to increase the understanding of the flow in straight tubes, one involving CFD and the other, flow visualization. In both studies, the geometry and time-average flow were similar.
In the helical model, a mixing zone with vortex motion provides an environment for coagulant factors to be in transit without being stagnant near the surface such that the activation of the intrinsic coagulation process can be suppressed. Furthermore, the helical configuration promotes the mixing effect of vortex motion during the pulsatile cycle. The present results can provide a better understanding of the effect of geometrical configurations of helical vascular prostheses on the hemodynamic flow.
We can conclude that the geometric configuration of the distal end-to-side anastomosis can lead to flow disturbance with flow separation, which is responsible for the development of IH along the floor of the host artery. We believe that the swirling flow created in this kind of helical graft may also have an advantage of suppressing flow disturbance at the distal anastomosis.
